met). The met variant is thermolabile and shows two to four times lower dopamine-degrading activity relative to the val variant, thus resulting in greater dopamine levels. Increased availability of this neurotransmitter translates into better performance in executive function tasks along with an increase in efficiency of information processing within the PFC, i.e., lower neural activity for similar levels of task performance (7, 8) . However, the effect of COMTval 158 met polymorphism on functional coupling between the brain regions within the executive cognition network has been explored to only a limited degree (9) . The COMTval 158 met polymorphism also has been reported to affect cognitive abilities in older subjects, with better performance on WM and executive function tasks in met homozygotes relative to val homozygotes (2,10 -13) . Additionally, Nagel et al. (14) showed that met homozygotes were faster than val homozygotes during the performance of the Wisconsin Card Sorting Test and a spatial WM task and this difference was greater in older adults relative to young adults. Although these findings suggest that aging increases the effect of COMTval 158 met polymorphism on executive cognition, the neural bases of this process remain to be clarified.
In the present study, we tested the effects of the COMTval 158 met polymorphism on age-related changes of both the activity and the functional connectivity of the brain regions in the networks underlying WM across adulthood (from young adulthood to old age). We used multivariate statistical approaches (independent component analysis [ICA] ) together with univariate analyses (general linear model [GLM] ) to test the following hypotheses: 1) the COMTval 158 met polymorphism modulates cortical activation as well as functional networks underlying WM across adulthood; 2) advancing age modulates activity and connectivity across brain regions subserving WM; and 3) the effect of the COMTval 158 met polymorphism on information processing within the PFC is magnified in older relative to younger adults, i.e., there is an interaction of age and COMT genotype on this measure of cortical function.
Materials and Methods

Subjects
Seventy-five subjects (age range ϭ 21-90 years) ( Tables 1 and 2 ; details in Supplement 1) were genotyped for rs4680.
Task
All the subjects were scanned with functional magnetic resonance imaging (fMRI) while performing a low WM load task (15) , i.e., the 1-back WM task condition (details in Supplement 1). This task was chosen to control for performance differences between older and young subjects.
Data Analysis
Image Analysis. Following preprocessing, all the fMRI data were analyzed using both ICA and GLM approaches (Supplement 1). The use of ICA can yield complementary information to that obtained from GLM analysis on neurophysiological processes, especially in the study of older subjects who may show deviations from the classical hemodynamic response (16) . While ICA, a multivariate statistical approach, can identify multiple spatially independent and temporally synchronous activity patterns in brain regions (functional covariance), GLM analysis allows the detection of changes in brain activity based on a priori task design and hemodynamic response function. Hence, while GLM analysis is more sensitive to detect functional specificity (measured by activation), ICA is more sensitive in defining patterns of functional connectivity within multiple networks (17) . Independent component analysis also has advantages in the estimation of functional connectivity over the classical univariate seeded correlation approach. First, ICA is able to identify noiserelated and artifactual components (18) that can be removed, thus allowing a cleaner estimation of the coupling of brain regions. Additionally, it allows the estimation of higher-order functional connectivity (19) , thus identifying association between voxels that show the same dependency of temporal variation and not just a pairwise correlation with respect to time. This allows the identification of multiple networks during the same task, each of which subserves a specific subprocess.
General Linear Model Analysis. One-way analysis of variance (ANOVA) was used to compare brain activation differences across the genotype groups. A simple correlation analysis was also performed to assess the effect of increasing age on brain activation across adulthood.
To evaluate the effect of COMTval 158 met on age-related changes in information processing within the PFC, we used a 2 ϫ 2 factorial ANOVA selecting subjects belonging to the tails of the age range (i.e., young adults Ͻ35 years of age and older adults Ͼ 55 years of age; Tables 1 and 2 in Supplement 1) and homozygotes for val and met allele, respectively. Independent Component Analysis. A group spatial ICA was performed on preprocessed data using the Group ICA of fMRI Toolbox (GIFT; Medical Image Analysis Lab, University of New Mexico, Albuquerque, New Mexico; http://icatb.sourceforge.net) (20) . Each subject's components of interest (COI) were entered into SPM5 (Wellcome Department of Cognitive Neurology, London, United Kingdom; http://www.fil.ion.ucl.ac.uk) and analyzed using second-level random-effects analyses to identify the effect of COMTval 158 met genotype and age. A two-way ANOVA including age (young and older adults) and COMTval 158 met was used to assess the COMTval 158 met by age interaction. A multiple regression was performed outside image space to confirm these results, removing the effect of nuisance variables.
Correlations between individual time courses (TCs) and a regressor associated to the 1-back condition were estimated using a GLM for each subject and COI. The beta values of this temporal correlation represent the extent to which the TC of a COI is modulated by the WM task relative to the sensory-motor control task. These beta values were then entered in a regression with genotype, age, their interaction, and RT as regressors to evaluate the effect of these variables on the TC modulation by WM processes. Correlations of TC task design with age were compared between val and met homozygotes using Fisher's r-to-z transformation. A statistical threshold of p Ͻ .05 with false discovery rate (FDR) (21) small volume correction (SVC) was used to identify significant differences within regions of interest (ROI). False discovery rate correction for multiple comparisons was implemented with ␣ϭ.05. Regions of interest were defined as 20-mm radius spheres centered around the peak coordinates of the regions activated during the N-back WM task as reported in meta-analysis of 24 N-back studies (22) , namely dorsolateral prefrontal cortex (DLPFC), ventrolateral prefrontal cortex (VLPFC), anterior frontopolar cortex, and parietal cortex. We also used a more stringent threshold of p Ͻ .01 FDR to test the effects of age and genotype and an age ϫ genotype interaction at the level of whole brain to identify differences in brain regions not a priori. All coordinates are reported in Montreal Neurological Institute (MNI) system. In the a priori ROI analyses, we tested all the effects but we only reported those results that survived statistical correction.
Results
GLM Results
There was a main effect of COMTval 158 met in the left DLPFC (Brodmann area [BA] 9; x ϭϪ38, y ϭ 41, z ϭ 42, Z ϭ 3.88; p Ͻ .001 FDR-corrected; Figure 1 ) with greatest activation in val/val individuals, followed by val/met and then met/met individuals.
There was a significant positive correlation between brain activation and age in left DLPFC (x ϭϪ 45, y ϭ 15, z ϭ 34, Z ϭ 3.47; p Ͻ .001 FDR-corrected), bilateral inferior parietal lobule (BA 39/40; p Ͻ .001 FDR-corrected), left cerebellum, and right middle temporal gyrus (BA 21) (Figure 2 ).
There was a significant negative correlation (p Ͻ .001 FDRcorrected) between activation and age, i.e., decreasing activation with increasing age, in the left globus pallidus, right precuneus, right inferior frontal gyrus, cingulate gyrus (BA 24/32), right visual cortex, left putamen, left precuneus, left postcentral gyrus, left inferior parietal lobule (BA 40), right precentral gyrus, and left temporal. These changes may be related to the age-related decline of the nigrostriatal dopaminergic system (23).
ICA Results
Components of Interest. Three positive COIs (A, B, and C) showed a strong temporal correlation between the independent component TCs and 1-back task design as defined above. The identified COIs with their spatial maps, TCs, and temporal correlation are shown in Figure 3 and are described as follows. Component of interest A (COI-A) primarily identified a prefrontal-parietal (PFC-Par) network markedly greater in the left hemi- To ensure that the effect of age-dependent changes on activity and connectivity strength was not driven by a difference in reaction time (RT) across age groups, we performed additional analyses using RT as covariate of no interest in both GLM and ICA. All results remained significant (data not shown).
Independent Component Time Course-Task Design Correlations. To examine the effects of age and COMTval 158 met on the recruitment of the COIs during the task, we studied the impact of these variables and their interaction on the correlation between the independent component TC and task design. Figure 6D ) with age, whereas met homozygotes did not (r ϭϪ .04, p ϭ .85) ( Figure 6C ). We did not find a significant effect of age, COMTval 158 met genotype, or COMTval 158 met by age effect on TC-task design relationship in COI-A and COI-C. A simple regression analysis for COI-A identified a positive correlation between age and the beta values representing the TC-task design relationship (r ϭ .25, p ϭ .03).
Medial Frontal Component (COI-B
Discussion
In this study, we investigated the interplay between COMTval 158 met polymorphism and aging on physiological activity within a cortical WM network. We found that during a low load WM task individuals homozygous for COMT val allele show greater activity and connectivity of the DLPFC when compared with heterozygotes and met homozygotes who showed greater connectivity of VLPFC within the left PFC-Par network (COI-A) across adulthood. Methionine homozygotes also showed greater connectivity in anterior PFC areas within a medial frontal network (COI-B). We also found an age-related modulation of brain regions with older adults showing greater DLPFC and posterior parietal activation and connectivity and young adults showing greater VLPFC activation. Additionally, older subjects showed greater COMTval 158 met effect (val/val Ͼ met/met) on DLPFC connectivity with other regions within the left PFC-Par network when compared with young subjects. Valine homozygotes also showed a negative association between TC-task design correlation and age in the medial PFC network (COI-B) in contrast to met homozygotes. These results show that COMTval 158 met polymorphism and age modulate the activity and functional connectivity of brain regions underlying WM and that the effects of COMTval 158 met polymorphism increase with advancing age.
COMTval
158
met Polymorphism Affects Brain Function Previous neuroimaging studies have reported a modulatory effect of the COMTval 158 met polymorphism on PFC activation during WM in young subjects (24, 25) . Valine homozygotes show an increase in DLPFC activation relative to met homozygotes, while heterozygotes show an intermediate response in the context of matched behavioral performance. These findings suggest cortical inefficiency in val carriers relative to met carriers, i.e., they engage greater prefrontal activation in the service of similar behavioral performance levels. Our results not only extend these findings from young adulthood to an older age group but also demonstrate the effect of COMTval 158 met polymorphism on the connectivity strength between brain regions within the PFC-Par network. Cortical efficiency of prefrontal networks during information processing has been linked to PFC dopamine levels, and val carriers are presumed to have lower levels of this neurotransmitter in this brain region relative to met carriers (5, 26, 27) . Dopamine regulates firing of PFC pyramidal neurons and surrounding gamma-aminobutyric acid (GABA) inhibitory interneurons principally via dopamine D1 and D2 receptors (28) . Through this modulation, dopamine focuses and stabilizes the response of PFC to the task at hand (29) . Dopaminergic transmission also regulates brain networks by modulating the synchronization among different brain areas and membrane oscillation frequencies (29) . It increases synaptic gain and taskrelated signals (30, 31) and modulates functional connectivity strength by enhancing active connections and suppressing the least active ones (32, 33) . Therefore, higher dopamine levels in met subjects may result in greater stability of short-term memory and attentional networks thus decreasing trial-by-trial variability (noise) and increasing signal-to-noise ratio (34) . The lateral PFC plays a significant role in WM function, with ventral and dorsal regions playing different functional roles. Ventrolateral prefrontal cortex activity is involved in focusing attention either directly by selecting the content to focus on or by inhibiting irrelevant information (35) (36) (37) (38) , whereas the DLPFC plays a role in the comparison and strategic manipulation of WM content to decrease cognitive load (39, 40) .
Hence, the increased connectivity of VLPFC with the other brain regions within the left PFC-Par network that we found in met homozygotes relative to val homozygotes may reflect a more optimal strategy in the processing of a low WM load task. This notion of a more optimal strategy during prefrontal tasks by met relative to val allele carriers is also supported by the observations of Tan et al. (9, 41) , albeit during more demanding executive cognitive function tasks, e.g., higher load N-back WM task (2-back) and an arithmetic transformation task. In contrast, we used a low WM load task that probably relies on the lateral ventral prefrontal systems (vide supra) rather than on the dorsal system, which has been shown to be more consistently recruited during tasks with higher WM load (2-back and 3-back) (42) . It is likely that met subjects may tend to perform the 1-back task as a mere attentional task focusing attention on new items, and as a consequence they favor regional allocation of neural resources in VLPFC. Conversely, adults homozygous for val allele may show a less efficient strategy for 1-back task, which in this case requires a manipulation of a sequence of numbers and therefore greater recruitment of the DLPFC to maintain performance. Alternatively, the increase of connectivity in specific brain regions within a network may represent a compensatory response. Given that a low WM task was necessary in this study to preclude performance changes from confounding the interpretation, correlations between differences in functional coupling and performance across groups are not feasible because of a ceiling effect on performance. Such correlations may be necessary to clarify the preferential use of VLPFC versus DLPFC networks in the performance of a task. Future studies with more challenging WM tasks may be helpful in addressing this.
There was a main effect of COMTval 158 met polymorphism in anterior PFC (COI-B) and posterior parietal cortex (COI-C). Anterior PFC plays a pivotal role in cognitive branching, i.e., the ability to engage in multiple tasks not serially organized, a process that is crucial for N-back performance. More specifically, this brain region may allow switching among different processes while protecting representations of the postponed tasks from distracters and performance of the task at hand (43) . Again, here greater connectivity in met homozygotes in BA 10/32 may suggest a better cognitive strategy for the performance of the task. Conversely, increased connectivity in BA 6/8 in val homozygotes suggests a decreased ability to maintain stimuli in WM. We observed COMTval 158 met effects on posterior inferior parietal cortex in COI-C with val homozygotes showing greater cortical connectivity with the other regions within a bilateral posterior parietal network. A greater connectivity of this brain region in val carriers may be consistent with a greater demand on attentional processes due to inefficient PFC function in these individuals relative to met carriers.
Age-Related Changes in Prefrontal Function
We found age-related changes of cortical brain activity during WM tasks and most importantly in network connectivity. Older adults showed an over-recruitment of a network of regions, including left DLPFC and bilateral parietal cortices, whereas younger adults showed a greater recruitment of right VLPFC, postcentral gyrus, and inferior temporal gyrus. This pattern of age-related differences in DLPFC shows an intriguing similarity to the findings in patients with schizophrenia (42, 44) that show an exaggerated response in this region during WM relative to normal control subjects. These findings, as well as the agerelated changes in DLPFC (45) , have been interpreted as resulting from inefficient information processing during WM, thus suggesting that differences in brain response in DLPFC may represent a nonspecific common manifestation of decreased neural efficiency that may, in turn, be a result of decreased dopaminergic signaling. Aging is associated with a generalized decline in the dopaminergic system, as suggested by a decrease of several dopaminergic markers and of dopaminergic synthesis in cortical areas including frontal, temporal, and parietal areas (46) . Decreased PFC dopamine levels may result in inefficiency at the level of activity as well as connectivity (vide supra) within the PFC-Par executive network. These changes may be either due to a compensation mechanism, which is a reallocation of cortical resources to maintain task performance to compensate for decreased neural efficiency (47), or dedifferentiation mechanism, which is diminished cortical specificity resulting in increased neural noise and less distinctive neural representations (48) . Rajah and D'Esposito (49) , based on a meta-analysis, suggest that both compensation and dedifferentiation mechanisms may explain the age-related changes in VLPFC activity, whereas changes in DLPFC are more likely due to functional compensation. According to a hierarchical topographically organized model of PFC, this region functions along a rostrocaudal gradient of complexity with anterior PFC at the top, VLPFC at the bottom, and DLPFC in between (50) . Hence, either decreased neural efficiency or dedifferentiation of the function of VLPFC may result in increased recruitment of higher hierarchical regions such as DLPFC and eventually anterior PFC. At a behavioral level, these neurobiological differences may translate into age-related changes in task strategies (51) . The reduced speed of manipulation of the items in WM in older subjects may result in a greater overlap between manipulation and encoding of new items, thus increasing attentional load and DLPFC activation (52) . Conversely, younger subjects who are able to manipulate items more rapidly-especially at low-task difficulty as in a 1-back taskmay be engaged in continuous encoding resulting in greater VLPFC activity.
COMTval
met Polymorphism Modulates Age-Related Changes in Prefrontal Function
We found an interaction between COMTval 158 met and aging on the functional connectivity of DLPFC with the other regions of the left prefrontal-parietal network. In detail, there was an increased val/val Ͼ met/met genotype effect in older adults relative to young adults. Our data fit into a model in which age-related changes in the dopaminergic system result in a leftward shift of the inverted-U curve of prefrontal functiondopamine level relationship in older adults relative to younger adults, thus resulting in an exaggeration of COMTval 158 met (val/val Ͼ met/met) effects on PFC function with increasing age (14) . According to this model, older val homozygotes will have relatively lower dopamine levels and thereby greater cortical inefficiency relative to older met homozygotes. This difference would increase in older subjects relative to younger subjects, because the age-related decline in dopaminergic signaling shifts them to the left on the inverted-U response to dopaminergic signaling ( Figure 7) . These results, together with the observation of a lack of age-related decrease in synchronization between task and medial frontal network engagement (as measured by beta values of TC-task design correlation) in met homozygotes ( Figure  6 ), suggests that carriers of the met allele may be more resilient to age-related decline in prefrontal function when compared with val homozygotes.
A caveat of our study is that differences in brain structure may affect functional results, thus limiting the spatial resolution of our findings. Since we did not have structural images in a majority of the subjects in this study, we could not correct for potential partial volume effects from age-related atrophy, if any, on our findings. Interestingly, in a recent brain morphometry study using voxel-based morphometry (VBM) to explore the COMTval 158 met by age interaction on brain atrophy, Rowe et al. (53) reported only weak effects of COMTval 158 met and COMTval 158 met by age interaction on bilateral anterior insula and ventral frontal cortex with greater gray matter in val relative to met homozygotes in young subjects but not in older subjects. Within older subjects, val-homozygotes also showed a greater gray matter volume in the left premotor cortex relative to met homozygotes. In conclusion, although the findings of Rowe et al. (53) do not exclude an effect of brain atrophy on our COMTval 158 met-related findings in the VLPFC, they suggest that it is unlikely that the results in the DLPFC were affected by this phenomenon, given the absence of a COMTval 158 met or COMTval 158 met by age interaction effect in this brain area. Second, the age tails groups showed a significant difference in handedness. In this subsample selected to study the COMTval 158 met by age interaction, although most of the subjects were right-handed, we found a statistical difference in handedness between age groups but neither across COMTval 158 met groups nor, most importantly, across COMTval 158 met by age groups. This difference in handedness would have been important when looking at age-related changes in brain activity (that we analyzed using the entire adulthood sample that was matched for handedness) but becomes secondary when analyzing the effects of COMTval 158 met by age interaction on fMRI data where there were no differences in handedness. Nevertheless, we used handedness as a covariate of no interest in our analysis to control for the effect of handedness, if any.
Another limitation is that we explored the effects of age using a cross-sectional design. Future imaging studies combining longitudinal and cross-sectional approaches are warranted.
In this study, we demonstrate that COMTval 158 met polymorphism modulates regional brain activity as well as multiple functional networks underlying WM tasks from young adulthood to old age. Our findings support a model in which COMTval 158 met polymorphism modulates age-related changes in cortical physiology underlying cognitive functions with an exaggerated cortical functional decline in val homozygotes relative to met homozygotes, adding evidence that met homozygotes are more resilient to agerelated changes in prefrontal cognition. . Age-related decline ( ) in dopaminergic system results in a leftward shift on the x axis of the inverted-U curve resulting in a decline in PFC function. This leftward shift with aging puts older val homozygotes on the steeper portion of the inverted-U curve leading to an exaggerated effect of the COMTval 158 met polymorphism on PFC function in older adults when compared with younger adults in response to similar COMTval 158 met effects on DA levels (⌬DA). COMT, catechol-O-methyltransferase; DA, dopamine; met, methionine; PFC, prefrontal cortex; val, valine. The above figure is modified after Figure 1 in Nagel et al. (14) .
